The polarity of a series of 36 hexaalkylguanidinium-based room-temperature ionic liquids (RTILs), featuring different unbranched alkyl substituents in the cation and eight different anions, has been determined by means of Reichardt's solvatochromic betaine dye; E T (30) and the corresponding normalized E N T values are presented. The positively solvatochromic probe 5-dimethylamino-5 -nitro-2,2 -bithiophene was used to characterize unspecific solvent/solute interactions (effects of dipolarity/polarizability) of ten hexaalkylguanidinium and, for comparison, two 1-alkyl-3-methylimidazolium ionic liquids.
Introduction
In the past two decades, ionic liquids (ILs) have been in the focus of many research groups worldwide. A particular combination of properties, such as negligible vapor pressure, nonflammability, good thermal stability, low chemical reactivity, a large electrochemical window, high ionic conductivity, and tunable miscibility with other common solvents qualifies certain types of ionic liquids for diverse fields of application. Ionic liquids have been introduced as novel solvents in synthesis [1] including catalysis [2] , as electrolytes in electrochemistry [3] , as constituents of dye-sensitized solar cells [4] , and as materials for separation technology and analytical chemistry [5, 6] , to name just a few.
Ionic liquids consist entirely of ions, and the so far best investigated and most widely used ILs contain charge-stabilized organic cations with an imidazolium, ammonium, pyrrolidinium, pyridinium, and phosphonium core; physico-chemical properties of many members of these substance families have been compiled and discussed [1, 6 -8] . Surprisingly, guanidiniumbased ionic liquids have only recently emerged on the scene, in spite of the fact that the excellent stabilization 0932-0776 / 10 / 0700-0791 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com of the positive charge and the low chemical reactivity of hexaalkylguanidinium ions have been known for a long time; for selected references to the synthesis and physico-chemical properties of hexaalkylguanidiniumbased ionic liquids, see the literature [7, 9 -16] .
Ionic liquids which are liquid at room temperature (RTILs) have a potential to replace traditional organic solvents in synthetic work, and the viability of this concept has been proven in recent years for a variety of synthetic transformations [1, 2] . Solvent polarity, i. e., the overall solvation capability for solutes [17] , is an important criterion for choosing the appropriate solvent for a particular chemical reaction. Several polarity scales are known in the literature, most of which are based on the interaction of solvatochromic dyes with a solvent [18] . The most widely accepted scales are Reichardt's E T (30) 
Results and Discussion
For the determination of empirical polarity data, we considered solvent/solute interactions of hexaalkylguanidinium-based RTILs with two solvatochromic dyes, namely Reichardt's betaine dye 1 [19] and the merocyanine-like bithiophene 2 developed by Effenberger and Würthner [24] (see also lit. [25] ) (Fig. 1) . While the most intense long-wavelength absorption of 1, resulting from an intramolecular charge transfer (CT), is shifted to shorter wavelength with increasing solvent polarity, the opposite trend is observed for 2 (negative and positive solvatochromism, respectively). The solvatochromic behavior of 1 is influenced to a considerable extent by specific interactions of the phenoxide oxygen atom with the solvent, in particular via hydrogen bonding. In contrast, the solvatochromism of bithiophene 2 results almost exclusively from unspecific solvation interactions caused by the effects of dipolarity and polarizability of the solvent, and is therefore applicable to all types of solvents [24b]. In line with these different properties, the solvation behavior of 2 gives a poor correlation with the E T polarity scale based on 1, but a good correlation with the π * (dipolarity/polarizability) values developed by Kamlet and Taft.
The values of the solvent polarity scale E T (30) are defined [19] as the molar transition energies of betaine dye 1 (no. 30 in the original publication) at standard conditions (25 • C and 1 bar) according to Eq. 1, where λ max is the maximum-absorption wavelength of the solvatochromic CT band. The dimensionless normalized E N T scale was introduced later, using water (E N T = 1.00) and TMS (E N T = 0.00) as polar and non-polar reference solvents, respectively, giving rise to Eq. 2.
We have determined the E T and E N T values for 36 hexaalkylguanidinium-based ionic liquids, which represent combinations of guanidinium cations differing in the alkyl substituents and eight different anions ( Fig. 2 and Table 1 ). Fig. 3 shows where these hexaalkylguanidinium-ILs appear on the E N T scale in relation to sixteen common organic solvents. It is noteworthy that the effect of traces of water on the position of the UV/Vis absorption maxima was found to be small for the ILs under study (see Exerimental Section).
The compounds studied can be divided in two groups. Group 1 ( 
As can be seen from Fig. 3 , the studied guanidinium RTILs cover a wide polarity range, thereby matching E N T values from dipolar non-hydrogen-bond-donating (NHBD) solvents (DMF, DMSO, acetonitrile) up to polar hydrogen-bond-donating (HBD) solvents (primary alcohols, water). Except for the values close to water, this is the typical polarity range for RTILs containing no acidic hydrogen atoms [21] . An interesting aspect appears from the analysis of group 1 compounds. Except for the tosylate series, which shows a relatively broad range of E N T values (∆E N T = 0.22), the polarity values barely vary with the cation (i. e. the variation of one out of the six alkyl groups), but are distinctly different for the four anions Cl − , Sac − , BF − 4 , and Ace − . For ILs with other cations (e. g. 1,3-dialkylimidazolium, N-alkylpyridinium, tetraalkylammonium), it has been reported [6, 21, and lit. cit.] that the polarity change is only marginal when the length of an alkyl chain is modified step by step. If a general trend should be defined, the polarity decreases slightly with increasing length of the alkyl chain R. In the case of the hexaalkylguanidinium ions, the observed consistency can be attributed to the higher mass of the cation-anion combination relative to the mass of the substituent R. Considering the influence of the anion, the chloride series shows the lowest polarity compared to the others (mean value E N T = 0.43), which puts the chloride salts into the range of the dipolar NHBD solvents DMSO and DMF. The polarity values increase Table 1 . Abbreviation, water content, absorption maximum and polarity (E T (30) and E N T values) for the ionic liquids evaluated in this study; see Fig. 2 in the sequence of chloride, saccharinate, tetrafluoroborate and acesulfamate; the acesulfamate series shows a polarity close to the polar HBD solvent methanol (mean value E N T = 0.77), while the [N 22 N 33 N 6n ]-Sac, -BF 4 and -Tos series are mainly in the range of other primary short-chain aliphatic alcohols. These findings suggest that the polarity properties of a given hexaalkylguanidinium RTIL series can be fixed in a quite narrow range by using the appropriate anion, and at the same time another desirable property can be varied by changing an alkyl substituent R. In preceding communications [15, 16] , some of us have shown that some physico-chemical properties of RTILs, such as density, viscosity and ionic conductivity, are fine-tunable by using the simple linear correlations derived from the developed Residual Volume Approach.
For the hexaalkylguanidinium ILs in group 2 (Table 1, entries 27 -36), the E N T values in general also Fig. 3 . Normalized solvent polarity scale E N T according to ref. [21] with ordering of sixteen selected solvents and the inclusion of polarity data for the guanidinium RTILs in Table 1 , entries 1 -36. appear to depend more on the anion than on the structural differences between the three sets of cations (Fig. 3) . The chloride salt and the three trifluoroacetate salts (E N T = 0.36 -0.44) appear in the polarity range of dipolar NHBD solvents such as acetone and DMF, while the triflate salts (E N T = 0.48 -0.58) and the bistriflimide salts with one exception (E N T = 0.38 -0.60) are in the range which is covered by the tosylates [N 22 N 33 N 6n ]Tos and is also occupied by the lower aliphatic alcohols and phenol. The polarity values increase in the order Cl − < TFA − < TfO − which results from the combination of the order of decreasing nucleophilicity, hydrogen bonding ability and coordination strength. In a crystal structure analysis of a hexasubstituted guanidinium triflate, we have observed that the shortest non-bonding contacts of the triflate oxygen atoms are those with the central carbon atom and two N-C α carbon atoms of the guanidinium function (3.1 -3.2Å, i. e. in the range of the sum of the vdW radii) [27] . It can be argued that the more nucleophilic anions coordinate more tightly with the guanidinium function, thereby reducing the ability of the latter to acidify the adjacent C-H bonds. The hydrogen bond interactions between the cationic guanidinium part and the phenoxide oxygen atom thus become less effective, and the stabilization of the polar ground state of dye 1 is diminished, leading to a bathochromic shift of the absorption maximum of 1. According to these explanations, the triflimide ionic liquids are expected to be even more polar than those with the Cl − , TFA − , and TfO − anions.
Mass spectrometric studies have shown that the Tf 2 N anion is by far the least interacting one in various ILforming salts [26] . Fig. 3 Concerning the influence of the cation on the polarity, Fig. 3 shows that replacement of a dimethylamino group in the [(NMe 2 )(NEt 2 )(NBu 2 )C] + cation by a dihexylamino group, or of a dibutylamino by a bis(2-methoxyethyl)amino group, leads to a rather small increase of polarity for the TFA and TfO salts. For the three Tf 2 N salts, it appears that the polarity, as expressed by the E N T values, depends in a different manner on the structure of the cation. It also appears that, at least for the cation/anion combinations investigated here, the [N 11 N 22 N 2O1,2O1 ] cation, which incorporates two ether groups, controls the polarity somewhat more than the two hexaalkylguanidinium cations without these polar functions.
The results of our polarity studies using Reichardt's dye give the impression that the polarity of hexaalkylguanidinium-based ionic liquids is exceptionally sensitive to the nature of the anionic component in these salts. Data for other ILs, e. g. 1-alkyl-3-methylimidazolium [23b, 23d] and 1-alkylpyridinium [23e], show a much smaller variation with the anion and do not display significant changes when the alkyl group is gradually changed in salts containing weakly coordinating anions such as TfO − and Tf 2 N − . As the polarity of a solvent is a macroscopic property which results from all specific and unspecific solvent/solute interactions, we do not try to give explanations at the molecular-microscopic level for all the observations made in this study. It must also be kept in mind that ionic liquids have structural and dynamic properties which are different from the classical molecular fluids, and which have just begun to be understood [28, 29] .
The merocyanine-like dye 2 is known to display unusually large positive solvatochromism [24, 25] . However, to the best of our knowledge, it has not yet been used to establish a polarity scale of ionic liquids. In Table 2 , the long-wavelength absorption data (λ max ) and electronic transition energies (E T ) of 2 in some hexaalkylguanidinium and, for comparison, two 1,3-dialkylimidazolium ILs are collected. Literature data for selected organic solvents are also included (data for a larger set of organic solvents can be found in ref.
[24b]).
The data of the investigated ionic liquids can be divided in two groups. For four of the five bistriflimides (both guanidinium and imidazolium cations: entries 6, 10 -12), the dye has λ max values in the range 540 -550 nm (E T = 52.9 -52.0 kcal mol −1 ), which puts these ILs in the neighborhood of DMF and dichloromethane (λ max = 535 nm). The remaining bistriflimide (entry 3) and the hexaalkylguanidinium chloride, trifluoroacetate and triflate salts give rise to considerable bathochromic shifts (λ max = 586 -648 nm), placing their polarity data in the range of formamide/water mixtures and far beyond. These high polarity characteristics and the wide range of values are not readily explained, the more so when a comparison is made with Nile Red, another positively solvatochromic probe. Nile Red also shows large bathochromic shifts when dissolved in increasingly polar media and is considered to be rather insensitive to hydrogen bond formation [30] . The λ max values of this dye in a wide range of ionic liquids, based on 1-alkyl-3-methylimidazolium, pyrrolidinium, and tetraalkylammonium cations and with several different anions (NO 31, 32] . They were found, with very few exceptions, in a rather narrow range in the upper half of the polarity scale, with short-chain aliphatic alcohols and DMSO as the nearest neighbors. Due to the complete lack of data for other ionic liquids, the polarity data of the ILs shown in Table 2 are not amenable to a comparison. However, it should be noted that for a wide range of molecular solvents, an excellent correlation of the solvatochromic data of 2 with Kamlet and Taft's π * values has been found [24] . In turn, it has been reported that the π * values of several imidazolium-and pyrrolidinium-based ionic liquids are high in comparison with non-aqueous molecular solvents, and that ILs with Tf 2 N anions give slightly lower values than salts with better coordinating anions [23b]. These observations qualitatively confirm our own observations.
Conclusion
In this study, experimental polarity parameters for a large number of hexaalkylguanidinium-based ionic liquids have been determined using two different solvatochromic probes, Reichardt's dye (1) and 5-dimethylamino-5 -nitro-2,2 -bithiophene (2). While the solvatochromic behavior of 1 is based to a major part on the interactions of the phenoxide oxygen atom with the solvent and is therefore very susceptible to hydrogen bond interactions, dye 2 senses the unspecific solvent/solute interactions. Given these differences, it is not surprising that the ionic liquids investigated occupy different regions of the two polarity scales. On Reichardt's E N T scale, all ILs are in the range 0.36 -0.77. This is the typical range for ionic liquids in general, although members of individual cation-derived classes are usually grouped together more closely. On the polarity scale based on 2, the hexaalkylguanidinium ILs with chloride, trifluoroacetate and triflate anions are found at the upper end, while the bistriflimide salts of both hexaalkylguanidinium (with one exception) and imidazolium ILs are in the middle of this scale. It is noteworthy that the polarity data of hexaalkylguanidinium-based ionic liquids on both scales are susceptible to the nature of the anion and also to the cation/anion combination to a much greater extent than reported for other common ionic liquids. The reasons are not readily evident and should be clarified in future investigations.
Experimental Section
The synthesis and characterization of the guanidinium salts investigated here have been reported elsewhere ( Table  1 , entries 1 -26: ref. [16] ; entries 27 -36: ref. [13] ).
Polarity measurements
Spectral measurements were carried out on Perkin-Elmer UV/Vis Lambda 14 ( Table 1, entries 1 -26) and Analytik Jena Specord 50 spectrometers (Table 1, entries 27 -36) . The concentrations of dye 1 or 2 in the solutions were in the range 10 −5 to 10 −4 M. Before application, the ionic liquid was kept at 70 • C/0.1 mbar for 4 -7 h, and prior to a measurement, the water content was determined by Karl-Fischer titration with a Metrohm 831 KF coulometer. Almost all of the investigated ionic liquids were colorless or nearly so. In some cases, short treatment of the ionic liquid dissolved in dichloromethane with alumina 90 (active, neutral; Merck) was used to remove trace amounts of colored impurities.
The samples for UV/Vis measurements were prepared and handled without taking additional precautions against the absorption of water from the laboratory atmosphere. In order to test the influence of a varying content of water in the samples on the long-wavelength absorption of Reichardt's dye (1), several samples (Table 1 , entries 27 -36) were submitted to subsequent measurements (UV/Vis and KF titration) after having the samples exposed to the laboratory atmosphere for some time. Selected results are given in Table 3 .
